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ABSTRACT 

The s p e n t  S-IVB s t a g e  i s  nomina l ly  on a f r e e - r e t u r n  
t r a j e c t o r y  a f t e r  s p a c e c r a f t  s e p a r a t i o n .  P r e v i o u s  s t u d i e s  have  
shown t h a t  w i t h  gu idance  d i s p e r s i o n s  t h e r e  Is a 38 p e r c e n t  
p r o b a b i l i t y  of l u n a r  impact  and a 30 p e r c e n t  p r o b a b i l i t y  o f  
ear th  impac t .  

Dumping S-IVB c o l d  r e s i d u a l  p r o p e l l a n t s  t h rough  t h e  
e n g i n e  a f t e r  s e p a r a t i o n  p r o v i d e s  a means o f  o b t a i n i n g  a 
v e l o c i t y  c o r r e c t i o n  t o  t h e  S-IVB t r a j e c t o r y  which may be  used  
t o  a v o i d  b o t h  ea r th  and l u n a r  impact  and s t i l l  a s s u r e  t h a t  
s p a c e c r a f t  r e c o n t a c t  w i l l  n o t  o c c u r .  S a f e  d i s p o s a l  o f  t h e  
S-IVB may b e  a c h i e v e d  by e s t a b l i s h i n g  a t r a j e c t o r y  i n  which 
enough ene rgy  i s  g a i n e d  by t h e  S-IVB from a l u n a r  e n c o u n t e r  
t o  c a u s e  i t s  e s c a p e  from t h e  earth-moon sys t em.  T h i s  has been  
termed a " s l i n g s h o t  t r a j e c t o r y " .  

T h i s  p a p e r  i s  concerned w i t h  t h e  d e t e r m i n a t i o n  o f  t h e  
magni tude  and d i r e c t i o n  of t h e  v e l o c i t y  c o r r e c t i o n  n e c e s s a r y  
t o  a s s u r e  s a fe  d i s p o s a l  of t h e  S-IVB u s i n g  a " s l i n g s h o t  t r a j e c t o r y " .  
V a r i a t i o n s  i n  t h e  r e q u i r e d  v e l o c i t y  c o r r e c t i o n  caused  b y  l a u n c h  
d a t e  are s t u d i e d  i n  te rms  o f  t h e  t r a n s l u n a r  d i h e d r a l  a n g l e ,  which 
i s  t h e  a n g l e  between t h e  t r a n s l u n a r  and l u n a r  o r b i t a l  p l a n e s .  

Two implemen ta t ions  are  d i s c u s s e d :  (1) A c o n t r o l l e d  
t e r m i n a t i o n  of  t h e  p r o p e l l a n t  dump which a l l o w s  u s i n g  a maneuver 
AV a t  a f i x e d  a t t i t u d e  i n  a l l  c a s e s ,  and ( 2 )  An u n c o n t r o l l e d  
dump w i t h  t h e  maneuver AV d i r e c t i o n  b e i n g  a computed f u n c t i o n  
o f  t h e  d i h e d r a l  a n g l e ,  t h e  t i m e  o f  t h e  maneuver,  and t h e  ex- 
p e c t e d  t o t a l  AV. 

t o  a s s u r e  a s l i n g s h o t  because  o f  t h e  l i k e l i h o o d  o f  l a r g e  
S-IVB r e s i d u a l  p r o p e l l a n t s .  It i s  a l s o  concluded  t h a t  l a u n c h  
v e h i c l e  and s p a c e c r a f t  r e c o n t a c t  i s  avo ided  when t h e  maneuver 

I t  i s  concluded  tha t  t h e  c o n t r o l l e d  dump w i l l  b e  n e c e s s a r y  

i s  a p p l i e d  t o -  o b t a i n  a s l i n g s h o t  
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I .  I N T R O D U C T I O N  

An Apol lo  l u n a r  mis s ion  r e q u i r e s  t h a t  a f t e r  t r a n s l u n a r  
i n j e c t i o n  ( T L I )  t h e  v e h i c l e  undergo a t r a n s p o s i t i o n ,  dock ing ,  
and  withdrawal  maneuver.  
t h e  CSM/LM combina t ion  which p roceeds  t o  t h e  moon, and t h e  s p e n t  
S- IVB b o o s t e r  which i n  t h e  absence  o f  any p r o p u l s i o n  a f t e r  w i t h -  
drawal would nomina l ly  follow a f r e e - r e t u r n  t r a j e c t o r y ,  e n t e r i n g  
t h e  e a r t h ' s  a tmosphere  w i t h  a s h a l l o w  f l i g h t  pa th  a n g l e .  However, 
a c c o r d i n g  t o  Refe rence  (11, t h e  gu idance  d i s p e r s i o n s  a t  T L I  a re  
l a r g e  enough s o  t h a t  t h e r e  i s  a 38% p r o b a b i l i t y  o f  a l u n a r  impact  
and a 30% p r o b a b i l i t y  o f  a n  e a r t h  impac t .  

( R e f e r e n c e  2 )  s t a t e s  t h e  r equ i r emen t  f o r  S- IVB d i s p o s a l  i n  terms 
of t h r e e  o b j e c t i v e s .  These o b j e c t i v e s  s t a t e d  i n  d e c r e a s i n g  o r d e r  
o f  p r i o r i t y  are:  (1) Avoid S- IVB/spacecraf t  r e c o n t a c t ,  ( 2 )  
Avoid ea r th  impac t ,  and ( 3 )  Avoid l u n a r  i m p a c t .  I n  o r d e r  t o  
a c h i e v e  t h e  t h r e e  o b j e c t i v e s ,  v a r i o u s  m o d i f i c a t i o n s  t o  t h e  S- IVB 
o r b i t  a f t e r  s e p a r a t i o n  c a n  b e  c o n s i d e r e d .  The most p r o m i s i n g  
would b e  t h e  e s t a b l i s h m e n t  o f  a t r a j e c t o r y  which e s c a p e s  t h e  
earth-moon s y s t e m  e n t i r e l y .  T h i s  method employs an  e n c o u n t e r  w i t h  
t h e  moon t o  r a i se  t h e  S- IVB energy  t o  t h e  l e v e l  r e q u i r e d  f o r  
e s c a p e .  T r a j e c t o r i e s  o f  t h i s  t y p e  have been  termed " s l i n g s h o t  
t r a j e c t o r i e s "  ( R e f e r e n c e  3 ) .  

The v e h i c l e  s e p a r a t e s  i n t o  two p a r t s ,  

The Apol lo  F l i g h t  Miss ion  Assignments  document 

I n  p r e v i o u s  s t u d i e s  ( R e f e r e n c e s  1 and 4 )  i n t e g r a t e d  
t r a j e c t o r i e s  were c a l c u l a t e d  i n  which t h e  d i h e d r a l  a n g l e ,  DL1, 
between t h e  s p a c e c r a f t  o r b i t  and t h e  l u n a r  o r b i t  was a dependent  
v a r i a b l e  and t h e r e f o r e  n o t  d i r e c t l y  c o n t r o l l a b l e .  Fo r  t h i s  s t u d y  
DL1 was t r e a t e d  as a n  independent  v a r i a b l e .  
45, and 60 degrees were used ,  and t h e  r e s u l t s  may b e  c o n s i d e r e d  
r e p r e s e n t a t i v e  o f  t r a j e c t o r i e s  which are l aunched  w i t h  a l l  
p r a c t i c a l  l aunch  d a t e s  and l aunch  az imuths .  An a v e r a g e  earth-moon 
d i s t a n c e  was used .  

Values  o f  0 ,  3 0 ,  

The S - I V B  p r o p e l l a n t s  r ema in ing  a f t e r  l a u n c h  v e h i c l e /  
s p a c e c r a f t  s e p a r a t i o n  may be dumped t h r o u g h  t h e  e n g i n e  of t h e  
S- IVB t o  produce  a t h r u s t .  It i s  by t h i s  means t h a t  t h e  v e l o c i t y  
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c o r r e c t i o n  r e q u i r e d  t o  s a t i s f y  t h e  o b j e c t i v e s  f o r  S-IVB d i s p o s a l  
i s  o b t a i n e d .  

T h e o r e t i c a l l y  t h e  o r b i t  o f  t h e  S- IVB c o u l d  b e  de t e rmined  
a f t e r  s e p a r a t i o n  by MSFN t r a c k i n g  data  and ground computa t ions  
and a c o r r e c t i v e  impu l se  a p p l i e d  s o  t h a t  t h e  t h r e e  o b j e c t i v e s  are  
f u l l y  s a t i s f i e d .  Another  approach which i s  e q u i v a l e n t  i f  e r r o r s  
a t  T L I  are n o t  c o n s i d e r e d  would b e  t o  precompute f o r  t h e  nominal  
t r a j e c t o r y  t h e  c o r r e c t i v e  i m p u l s e  r e q u i r e d  t o  a c h i e v e  t h e  
o b j e c t i v e s ,  and program t h e  onboard l o g i c  a c c o r d i n g l y .  T h i s  would 
r e q u i r e  t h e  preprogrammed t e r m i n a t i o n  o f  p r o p e l l a n t  dumping b y  a 
command based  on measured AV. ( A l t e r n a t e l y  t h e  dump can  b e  
t e r m i n a t e d  a t  a preprogrammed t i m e ,  b u t  any e r r o r s  i n  t h e  assumed 
t h r u s t  p r o f i l e  o f  t h e  dump w i l l  b e  r e f l e c t e d  d i r e c t l y  i n  e r r o r s  i n  
t h e  impu l se  a p p l i e d .  ) 

A t h i r d  approach ,  which would r e s u l t  i n  c o n s i d e r a b l y  
s i m p l e r  i m p l e m e n t a t i o n  b u t  a g r e a t e r  u n c e r t a i n t y  of  a c c o m p l i s h i n g  
a l l  o f  t h e  o b j e c t i v e s ,  would r e o r i e n t  t h e  v e h i c l e  t o  a p r e p l a n n e d  
a t t i t u d e  and b e g i n  t h e  dumping a t  a p rede te rmined  t i m e .  The dumping 
w o u l d  b e  c o n t i n u e d  u n t i l  a l l  p r o p e l l a n t s  a re  e x h a u s t e d .  ( E i t h e r  
LOX o r  LH2 or b o t h  may b e  dumped) I n  t h i s  c a s e  v a r i a t i o n s  i n  t h e  

p r o p e l l a n t s  r e m a i n i n g  i n  t h e  S-IVB c o u l d  r e s u l t  i n  a l a r g e  v a r i a t i o n  
i n  t h e  AV produced .  

The S-IVB A u x i l i a r y  P r o p u l s i o n  s y s t e m  (APS)  i s  s t i l l  
o p e r a b l e  a f t e r  s e p a r a t i o n  and can  b e  used  t o  o r i e n t  t h e  v e h i c l e  
i n  a p r e f e r r e d  d i r e c t i o n .  The APS i s  a l s o  a v a i l a b l e  f o r  p r o d u c i n g  
a d d i t i o n a l  t r a n s l a t i o n a l  t h r u s t .  

I n  t h i s  p a p e r  t h e  f i r s t  two approaches  a r e  e q u i v a l e n t  
s i n c e  no c o n s i d e r a t i o n  o f  guidance e r r o r s  i s  made. The r e s u l t i n g  
f ami l i e s  o f  t r a j e c t o r i e s  f o r  a mon i to red  and t e r m i n a t e d  p r o p e l l a n t  
dump and f o r  a non- te rmina ted  dump are de te rmined .  Once a means 
o f  e s t a b l i s h i n g  a s u i t a b l e  t r a j e c t o r y  has been  demons t r a t ed  i t  i s  
shown t h a t  r e c o n t a c t  between t h e  s p a c e c r a f t  and S-IVB CZT: b e  
a v o i d e d .  

11. CALCULATION OF VELOCITY INCREMENT 

The r e l a t i o n  b e t w e e n  AV and t h e  amount o f  p r o p e l l a n t  
r e m a i n i n g  a f t e r  T L I  i s  g i v e n  by t h e  r o c k e t  e q u a t i o n :  

rn 
1 

- Am - .!?Isp l o g e  (1 + -1 
m2 

are  t h e  masses of t h e  S-IVB b e f o r e  and a f t e r  t h e  m2 where ml ,  
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i m p u l s e ,  g = 3 2 . 2  f p s ,  IsD = s p e c i f i c  impu l se  o f  t h e  S - I V B  when 
dumping p r o p e l l a n t  i n  a n  Lnburned c o n d i t i o n ,  and Am = m 
mass o f  p r o p e l l a n t  d i s c h a r g e d  th rough  t h e  n o z z l e .  

- m 1 2 
= 

Equa t ion  (1) was used t o  compute t h e  AV f o r  r e p r e s e n t a t i v e  
v a l u e s  o f  t h e  p r o p e l l a n t s  co r re spond ing  t o  t h e  t r a p p e d  r e s i d u a l s ,  
t h e  unused f l i g h t  per formance  r e s e r v e s ,  t h e  unused f l i g h t  geometry 
r e s e r v e s ,  and t h e  p r o p e l l a n t  r ema in ing  due to l aunch  azimuth 
v a r i a t i o n .  The r e s u l t s  are g iven  i n  T a b l e  I .  The w e i g h t s  shown 
a re  estimates based on October  1 9 6 8  weight  and per formance  d a t a  
( R e f e r e n c e  7 ) .  The "Excess Performance" r e s u l t s  f rom t h e  p r e d i c t e d  
d i f f e r e n t i a l  between S a t u r n  V per formance  c a p a b i l i t y  and t h e  
s t r u c t u r a l  l i m i t a t i o n  o f  1 0 2 , 0 0 0  l b s .  A d d i t i o n a l  p r o p e l l a n t s  
shown i n  t h e  T a b l e  a re  i n c l u d e d  because  c u r r e n t  we igh t  estimates 
i n d i c a t e  t h a t  t h e  s p a c e c r a f t  f u l l y  f u e l e d  c o u l d  b e  as much as 
1 0 0 0  l b s .  l ess  t h a n  t h e  1 0 2 , 0 0 0  l b s .  h y p o t h e s i z e d .  

Based on t h e  t a b u l a t e d  da ta ,  t h e  minimum AV a v a i l a b l e  i s  
The maximum f o r  dumping LH2 a l o n e ,  LOX a l o n e ,  and b o t h  

The A u x i l i a r y  
1 4 3  f p s .  

L O X  and LH2 i s  1 2 0 ,  2 1 5 ,  and 335 f p s ,  r e s p e c t i v e l y .  
P r o p u l s i o n  System (APS) i s  a l s o  a v a i l a b l e  and can ,  i f  needed ,  s u p p l y  
t r a n s l a t i o n a l  A V .  

111. GENERATION OF S L I N G S H O T  TRAJECTORIES 

a .  Geomet r i ca l  Concepts 

The pa t ched-con ic  approximat ion  i s  a u s e f u l  d e v i c e  f o r  
s t u d y i n g  earth-moon t r a j e c t o r i e s .  F i g u r e  l a  i l l u s t r a t e s  t h e  f ree-  
r e t u r n  c a s e .  For s i m p l i c i t y  on ly  t h e  p o r t i o n  o f  t h e  o r b i t  i n  and 
n e a r  t h e  moon's s p h e r e  of  i n f l u e n c e  (MSI) i s  shown. It  i s  a l s o  
assumed i n  t h e  f i g u r e  t h a t  t h e  o r b i t a l  p l a n e s  o f  t h e  v e h i c l e  and 
t h e  moon c o i n c i d e .  D e v i a t i o n s  from t h i s  c o n d i t i o n  w i l l  b e  c o n s i d e r e d  
l a t e r .  
MSI e n t r y  p o i n t  P1. 
h y p e r b o l i c  o r b i t  i n s i d e  t h e  MSI, i s  o b t a i n e d  by t h e  f o r m u l a  

Vel i s  t h e  v e c t o r  v e l o c i t y  on t h e  t r a n s l u n a r  e l l i p s e  a t  t h e  

Vml, t h e  c o r r e s p o n d i n g  v e c t o r  v e l o c i t y  on t h e  

- - Vml = Vel - VL 

where vL i s  t h e  v e l o c i t y  o f  t h e  moon. 

F i g u r e  l a  shows a symmet r i ca l  f r e e - r e t u r n  t r a j e c t o r y ,  
i n  which t h e  p e r i s e l e n e  - o f  t h e  hype rbo la  l i e s  on t h e  earth-moon 
l i n e .  ve2 and Vm2 are  co r re spond ing  v e l o c i t i e s  a t  t h e  MSI e x i t  

p o i n t  P 2 ,  and are r e l a t ed  b y  t h e  e q u a t i o n  
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F i g u r e  l b  shows t h e  o r b i t  t h a t  i s  produced when a 
v e l o c i t y  impu l se  of 59 f e e t  p e r  second i s  a p p l i e d  t o  t h e  v e h i c l e  
i n  a d i r e c t i o n  o p p o s i t e  t o  t h e  v e l o c i t y  v e c t o r  two hour s  a f t e r  
T L I .  The v e h i c l e  now t r a v e l s  somewhat more s lowly  w i t h  t h e  r e s u l t  
t h a t  i t  r e a c h e s  t h e  MSI about  1-1/2 h o u r s  l a t e r .  Dur ing  t h i s  t i m e  
t h e  moon has moved to t h e  p o s i t i o n  shown, r e f e r e n c e d  t o  l o c a t i o n  M 
o f  F i g u r e  l a .  
o f  R1, t h e  s e l e n o g r a p h i c  r a d i u s  v e c t o r ,  and t h e  v e h i c l e  c o n s e q u e n t l y  
t r a v e l s  a round  t h e  moon i n  a coun te r - c lockwise  d i r e c t i o n .  The 
magni tude  o f  vm2 i s  t h e  same as vml, as b e f o r e ,  b u t  t h e  d i r e c t i o n  
i s  now a lmos t  t h e  same as vL. ve2 as computed b y  ( 3 )  w i l l  t h e n  b e  

much l a r g e r  t h a n  b e f o r e  and t h e  a d d i t i o n a l  energy  w i l l  b e  enough 
to c a u s e  t h e  f i n a l  o r b i t  t o  become h y p e r b o l i c  i n  a n  e a r t h - c e n t e r e d  
c o o r d i n a t e  sys t em.  

It  can  b e  s e e n  t h a t  Vml i s  now d i r e c t e d  t o  t h e  r i g h t  

F i g u r e  IC i s  a s u p e r p o s i t i o n  of  F i g u r e  l a  and l b ,  w i t h  
t h e  geometry a t  P shown i n  d e t a i l .  1 
s l i n g s h o t  t r a j e c t o r y  i s  somewhat t o  t h e  l e f t  of  t h e  same p o i n t  f o r  
t h e  f r e e - r e t u r n  t r a j e c t o r y  i n  a n  i n e r t i a l  frame. T h i s  i s  under-  
s t a n d a b l e  s i n c e  t h e  p e r t u r b i n g  v e l o c i t y  impu l se  was o p p o s i t e  t o  t h e  
v e l o c i t y  v e c t o r ,  and t h e  p e r t u r b e d  o r b i t  t h e r e f o r e  l i e s  i n s i d e  t h e  
o r i g i n a l  one .  However, t h i s  i s  more t h a n  compensated f o r  b y  t h e  
change i n  a r r i v a l  t ime  a t  t h e  MSI, w i t h  t h e  r e s u l t  t h a t  vml p o i n t s  
t o  r i g h t  of t h e  c e n t e r  of  t h e  moon, as i n d i c a t e d  p r e v i o u s l y .  Thus 
t h e  t i m e  t h a t  t h e  v e h i c l e  r e a c h e s  t h e  moving MSI i s  t h e  i m p o r t a n t  
p a r a m e t e r  f o r  d e t e r m i n i n g  t h e  c h a r a c t e r i s t i c s  o f  t h e  l u n a r  e n c o u n t e r .  

Note t h a t  p o i n t  P1 for t h e  

T r a j e c t o r i e s  which do n o t  l i e  i n  t h e  l u n a r  o r b i t a l  p l a n e  
are  c h a r a c t e r i z e d  by t h e  d i h e d r a l  a n g l e s  DL1, DLh,  and DL2, d e f i n e d  
as t h e  a n g l e s  t h a t  t h e  l u n a r  o r b i t a l  p l a n e  makes w i t h  t h e  t r a n s -  
l u n a r ,  t h e  h y p e r b o l i c ,  and t h e  t r a n s e a r t h  o r b i t a l  p l a n e s ,  r e s p e c t i v e l y .  
F o r  t h e  i n - p l a n e  c a s e  t h e s e  a n g l e s  a r e  a l l  z e r o .  A d d i t i o n a l  i n -  
f o r m a t i o n  a b o u t  a n g l e  DL1, can be found i n  Refe rence  5 .  
t h e r e  DL1 can  become as l a r g e  as 62' d u r i n g  t h e  1969-1970 p e r i o d .  
E q u a t i o n s  (2) and ( 3 )  a r e  s t i l l  v a l i d  when DL1 # 0 ,  b u t  t h e  v a r i o u s  
v e c t o r  r e l a t i o n s h i p s  become much more d i f f i c u l t  t o  v i s u a l i z e .  

A s  i n d i c a t e d  

I V .  SLINGSHOT TRAJECTORY CHARACTERISTICS 

F r e e  r e t u r n  t r a j e c t o r i e s  were c a l c u l a t e d  and t h e n  
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p e r t u r b e d  b y  changing  t h e  v e l o c i t y  v e c t o r  i n s t a n t a n e o u s l y *  a t  a 
p r e s e l e c t e d  p o i n t .  A r e f e r e n c e  s e t  o f  such  t r a j e c t o r i e s  was 
g e n e r a t e d  f o r  which t h e  p e r t u r b i n g  t i m e  i s  two h o u r s  a f t e r  T L I ,  
and t h e  v e l o c i t y  inc remen t  ( A T )  i s  c o l l i n e a r  w i t h  v, t h e  v e l o c i t y  
v e c t o r  a t  t h e  same p o i n t .  Dev ia t ions  from these c o n d i t i o n s  are  
c o n s i d e r e d  l a t e r .  The r ange  i n  AT e x t e n d s  from -350 t o  +lo0 f p s ,  
which i s  c o n s i s t e n t  w i t h  t h e  amount of f u e l  r ema in ing  i n  t h e  S-IVB 
t a n k s  a t  T L I .  ( A  p o s i t i v e  AV i s  one which i s  i n  t h e  same d i r e c t i o n  
a s  v . )  The p e r i s e l e n e  d i s t a n c e  ( R  ) of t h e  h y p e r b o l a ,  t h e  ene rgy  
of  t h e  t r a n s e a r t h  t r a j e c t o r y  ( E R G ) ,  and t h e  p e r i g e e  of  t h e  t r a n s -  
e a r t h  t r a j e c t o r y  ( R  ) were c a l c u l a t e d .  A " t r a n s p a r e n t "  moon was 
assumed, t h a t  i s ,  t h e  complete  t r a j e c t o r y  was c a l c u l a t e d  even  i f  
l u n a r  impact  o c c u r r e d .  I n  t h i s  way t h e  v a r i o u s  r e l a t i o n s h i p s  
between t h e  v a r i a b l e s  can  be more e a s i l y  v i s u a l i z e d .  The r e s u l t s  
are shown i n  F i g u r e  2 f o r  DL1 = 0 and 6 0 0  w i t h  l e t t e r s  A t o  H on 
the f i g u r e  i d e n t i f y i n g  t r a j e c t o r y  c h a r a c t e r i s t i c s .  V e l o c i t y  
i n c r e m e n t  (AV) i s  used  as t h e  a b s c i s s a  i n  a l l  c a s e s .  The lower  
p a i r  o f  cu rves  ( 2 c )  u s e s  t he  p e r i s e l e n e  d i s t a n c e  as o r d i n a t e  and 
i s  used  f o r  i d e n t i f y i n g  t h o s e  t r a j e c t o r i e s  which impact  t h e  moon. 
The r ema in ing  c u r v e s  ( 2 a  and 2 b )  r e f e r  t o  t he  t r a n s e a r t h  p o r t i o n  
of the  t r a j e c t o r y  which may be e i t h e r  h y p e r b o l i c  ( e n e r g y  p o s i t i v e ) ,  
p a r a b o l i c  ( e n e r g y  z e r o ) ,  or e l l i p t i c  ( ene rgy  n e g a t i v e ) .  F i g u r e  3 
shows t h e  r e l a t i o n s h i p  between DL1 and AV for t h e  c o n d i t i o n s  
i d e n t i f i e d  b y  t h e  l e t t e r s  A t o  H o f  F i g u r e  2 .  A s  shown t h e r e ,  
when DL1 = 0 n e g a t i v e  impulses  from 1 . 5  t o  60 f p s  produce  l u n a r  
i m p a c t ,  6 0  t o  1 1 0  f p s  produce s l i n g s h o t ,  and 1 1 0  t o  2 4 0  f p s  produce  
e l l i p t i c  r e t u r n  o r b i t s .  Impulses  g r e a t e r  t h a n  2 4 0  f p s  w i l l  p roduce  
e l l i p t i c  e a r t h  r e t u r n  o r b i t s  w i t h  p e r i g e e s  l ess  t h a n  5 e a r t h  r a d i i .  
When DL1 = 600 t h e  above v a l u e s  a r e  reduced  b y  abou t  25%. The a r e a  
between A and B of  F i g u r e  3 r e p r e s e n t s  t r a j e c t o r i e s  f o r  which 
i s  i n  t h e  d i r e c t i o n  of  v,  i n s t e a d  o f  o p p o s i t e  t o  i t .  

Pm 

Pe 

Two w a y s  o f  d e v i a t i n g  from t h e  r e f e r e n c e  s e t  o f  p e r t u r b e d  
t r a j e c t o r i e s  were s t u d i e d .  The v e c t o r  was p l a c e d  a t  an a n g l e  
t o  v r a t h e r  t h a n  c o l l i n e a r  w i t h  i t ,  and t h e  p e r t u r b i n g  t i m e  was 
d e l a y e d  t o  a maximum of 1 4  hour s  a f t e r  T L I .  The f i r s t  method can  
b e  s u b d i v i d e d  i n t o  t he  in -p lane  c a s e  c h a r a c t e r i z e d  b y  t h e  a n g l e  O i  

and t h e  ou t -o f -p l ane  c a s e  c h a r a c t e r i z e d  b y  t h e  a n g l e  Oo. I n  t h e  
i n - p l a n e  c a s e  i s  r o t a t e d  about  R , .  a v e c t o r  p e r p e n d i c u l a r  
t o  t h e  v e h i c l e  o r b i t a l  p l a n e ,  t h r o u g h  t h e  a n g l e  O i .  Fo r  t h e  out -of -  
p l a n e  c a s e  a v e c t o r  a i s  d e f i n e d  which l i e s  i n  t h e  v e h i c l e  o r b i t a l  
- p l a n e ,  p e r p e n d i c u l a r  t o  v, and i s  d e f i n e d  by t h e  e q u a t i o n  a = V x F. 
AV i s  t h e n  r o t a t e d  abou t  a through t h e  a n g l e  Oo. These q u a n t i t i e s  

*The dumping p r o c e s s  i s  comple ted  i n  approx ima te ly  f o u r  
m i n u t e s .  T h i s  t i m e  i s  small enough so  t h a t  i t  can be  c o n s i d e r e d  
z e r o  w i t h o u t  i n t r o d u c i n g  a s i g n i f i c a n t  e r r o r .  
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a re  i l l u s t r a t e d  i n  F i g u r e  4 ,  and  t h e  r e s u l t s  a r e  shown i n  F i<gures  5 
t h r o u g h  1 0 .  These r e s u l t s  w i l l  b e  d i s c u s s e d  i n  t h e  n e x t  s e c t i o n .  

V .  I ~ ~ l P L E N E N T A T I O N  OF S-IVB DISPOSAL 

I n  t h e  f i r s t  method s t u d i e d  t h e  S- IVB i s  a l i g n e d  a l o n g  
i t s  n e g a t i v e  v e l o c i t y  v e c t o r  and  t h e  p r o p e l l a n t  dump i s  t e r m i n a t e d  
when a p r e c a l c u l a t e d  AV i s  a t t a i n e d .  The r e m a i n i n g  p r o p e l l a n t  i s  
t h e n  v e n t e d  n o n - p r o p u l s i v e l y .  The r e q u i r e d  v a l u e  o f  AV i s  a 
f u n c t i o n  o f  DL as shown i n  c u r v e  J of  F i g u r e  3,  which i s  drawn 
i n  t h e  c e n t e r  o f  t h e  s l i n g s h o t  r e g i o n .  Note t h a t  b y  t h i s  c h o i c e  
t h e  c u r v e  i s  a c t u a l l y  b i a s e d  away from e a r t h  impact  b e c a u s e  of t h e  
l a r g e  A V ' s  r e q u i r e d  t o  o b t a i n  e l l i p t i c  o r b i t s  o f  l ess  t h a n  1 0  ea-ath 
r a d i i .  By p o s i t i o n i n g  t h i s  c u r v e  t h e  r e l a t i v e  p r o b a b i l i t i e s  o f  
e a r t h  impac t  and  l u n a r  impac t ,  i n  t h e  p r e s e n c e  o f  g u i d a n c e  e r r o r s ,  
can  b e  a d j u s t e d .  

1' 

The minimum AV (143 f p s )  i s  e s t a b l i s h e d  b y  t h e  t r a p p e d  
resriducrls and a n  a l l o w a n c e  for e x p e c t e d  e x c e s s  S a t u r n  V p e r f o r -  
mance. I f  n e c e s s a r y  t h i s  minimum c o u l d  b e  supplemented  b y  t h e  
APS. I t  c a n  be  s e e n  t h a t  t h e  AV c a p a b i l i t y  w i l l  a l w a y s  b e  s u f f i c i e n t  
t o  p roduce  a s l i n g s h o t  i n  t h e  nominal  c a s e .  The w i d t h  o f  t h e  
s l i n g s h o t  c o r r i d o r  f o r  a l l  d i h e d r a l  a n g l e s  (a rea  be tween  D and  E )  
i s  n e a r l y  50 f e e t / s e c o n d .  T h e r e f o r e ,  i t  s h o u l d  b e  p o s s i b l e  t o  
v i r t u a l l y  a s s u r e  a s l i n g s h o t  t r a j e c t o r y  u s i n g  t h i s  method. If 
T L I  e r r o r s  a r e  l a r g e r  t h a n  a p p r o x i m a t e l y  50 f e e t / s e c o n d ,  t h e n  
ground c a l c u l a t i o n s  b a s e d  on pos t -TLI  t r a c k i n g  would b e  r e q u i r e d  
t o  d e t e r m i n e  t h e  p r o p e r  p r o p e l l a n t  dump t e r m i n a t i o n  t i m e .  The 
maximum AV a v a i l a b l e  i s  o f  no consequence  s i n c e  any e x c e s s  would 
b e  v e n t e d  n o n - p r o p u l s i v e l y  . 

I n  t h e  second  method s t u d i e d ,  t h e  dumping p r o c e s s  i s  n o t  
t e r m i n a t e d  b u t  a l l o w e d  t o  c o n t i n u e  u n t i l  a l l  t h e  p r o p e l l a n t  i s  
e x h a u s t e d .  A c o a r s e  c o n t r o l  c a n  b e  o b t a i n e d  b y  c h o o s i n g  to dump 
LH2 a l o n e ,  LOX a l o n e ,  or bo th .  
s e q u e n t i a l l y . )  A d d i t i o n a l  c o n t r o l  i s  o b t a i n e d  e i t h e r  b y  v a r y i n g  
t h e  a t t i t u d e  of t h e  S-IVB o r  by v a r y i n g  t h e  t i m e  o f  t h e  p r o p e l l a n t  
dump. It  i s  n e c e s s a r y  t o  d e t e r m i n e  an  e s t i m a t e  based 
on t h e  S-IVB second  b u r n  d u r a t i o n ,  o f  t h e  amount o f  p r o p e l l a n t  
r e m a i n i n g  a f t e r  T L I .  

a t  a n  a n g l e  w i t h  v f o r  t h e  i n - p l a n e  c a s e  ( v a r i a t i o n s  i n  0 . )  and 
F i g u r e s  7 a n d  8 g i v e  t h e  same i n f o r m a t i o n  f o r  ou t -o f -p l ane  a n g l e s  
(O0). 
f rom 2 t o  1 4  h o u r s  a f t e r  T L I .  I n  e a c h  f i g u r e  c u r v e  J was drawn 
t h r o u g h  t h e  c e n t e r  o f  t h e  s l i n g s h o t  r e g i o n  as b e f o r e .  

(The l a t t e r  would b e  done 

F i g u r e s  5 and  6 show t h e  e f f e c t  o f  p l a c i n g  t h e  S-IVB 
1 

F i g u r e s  9 and  1 0  show t h e  e f f e c t  o f  v a r y i n g  t h e  duzp t i m e  
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Figure 6 shows that for DL1 = 6 0 0  (which is the worst 
case) there is a limitation on the amount of AV that can be 
accommodated. 

i corridor than negative values, reaching a maximum width at O 
equal to 75", corresponding to a maximum AV of 190 fps. If a 
AV greater than 190 fp:, is to be accommodated path K-K of 
Figure 6 could be followed, resulting in elongated geocentric 
elliptic orbits with perigee distances of the order of 20 earth 
radii. The maximum AV that can be accommodated and result in a 
perigee greater than 20 earth radii is about 350 fps. 
orbits will not intersect the earth for some time; however, as 
mentioned in Reference (l), the perturbations of the sun and the 
moon may eventually cause earth impact. 

Use of out of plane angles (0 , )  shown in Figures 7 and 

Positive values of Oi result in a wider slingshot 

These 

8 is restricted to the range from -45O to +45O imposed by the 
S-IVB navigation system middle gimbal angle limit. It can be 
seen that with this restriction curve J reaches a maximum AV of 
110 fps (using Figure 8). Delaying the time of propellant dump 
is restricted by S-IVB lifetime. 
maneuvers beyond 2 hours after TLI, Figure 10 indicates that 
curve J reaches a AV of 150 fps for a delay of 14 hours, and a 
AV of 100 fps for a delay of 6 hours. 

If S-IVB lifetime permits dump 

In general, use of an unterminated dump is constrained 
by the amount of AV that can be accommodated. In the worse case 
the maximum AV which should not be exceeded to obtain a slingshot 
trajectory is close to 190 fps with a Oi of 75 degrees. 
addition, AV's up to 350 fps would result in geocentric elliptical 
orbits with perigees greater than 20 earth radii. 

In 

VI. RECONTACT 

Avoiding recontact between CSM/LM and the S-IVB after 
withdrawal can be divided into a short-term problem covering 
a few hours after separation, and a long-term problem, covering 
the remainder of the mission. In the short-term problem the 
gravitational field of the earth can be assumed to be the same 
at the two vehicles. Since both are falling freely, the grav- 
itational field can be ignored when calculating the relative 
motion. It is apparent then for the short-term case, that the 
distance between the two vehicles will not decrease as long as 
an impulse applied to one vehicle does not have a component in 
the direction of the other vehicle. 
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The long- te rm problem i n v o l v e s  c a l c u l a t i n g  t h e  p o s i t i o n  
d i f f e r e n c e  o f  t h e  two v e h i c l e s  as t h e y  move i n  t h e i r  r e s p e c t i v e  
o r b i t s .  F i g u r e  11 i l l u s t r a t e s  p a r a m e t r i c a l l y  t h e  long- te rm r e -  
c o n t a c t  problem f o r  a s e p a r a t i o n  n V  of  -100 f p s .  It i s  assumed 
t h a t  t h e  CSM/LM i s  on a nominal t r a j e c t o r y ,  w i t h  no midcourse  
c o r r e c t i o n  needed .  Note t h a t  t h e  p o r t i o n  o f  t h e  c u r v e s  n e a r  t h e  
o r i g i n  i s  n e a r l y  l i n e ? r ,  as p r e d i c t e d  above.  The upper  c u r v e  
c o r r e s p o n d s  t o  a v e l o c i t y  increment  which i s  d i r e c t e d  o p p o s i t e  t o  
t h e  v e l o c i t y  v e c t o r  and i s  t y p i c a l  o f  t h e  r e f e r e n c e  s e t  of t r a j e c -  
t o r i e s  i l l u s t r a t e d  i n  F i g u r e  3. The  m o d i f i e d  o r b i t  l i e s  i n s i d e  
t h e  o r i g i n a l  o r b i t  and as shown i n  F i g u r e  11 t h e  s e p a r a t i o n  d i s t a n c e  
i n c r e a s e s  un i fo rmly  w i t h  time. There  i s  t h e r e f o r e  no d a n g e r  o f  
r e c o n t a c t  f o r  t h e  r e f e r e n c e  s e t  of  t r a j e c t o r i e s .  

TWhen Oi i s  n e g a t i v e ,  a component o f  t h e  v e l o c i t y  inc remen t  
i s  i n  t h e  d i r e c t i o n  o f  an  i n w a r d  normal  t o  t h e  o r b i t a l  c u r v e .  The  
r e s u l t i n g  o r b i t  w i l l  a g a i n  l i e  i n s i d e  o f  t h e  o r i g i n a l  o r b i t ,  and 
no r e c o n t a c t  i s  p o s s i b l e .  P o s i t i v e  v a l u e s  o f  O i ,  however,  p roduce  
v e l o c i t y  i n c r e m e n t s  which have a component i n  t h e  d i r e c t i o n  o f  
t h e  outward normal t o  t h e  o r b i t a l  c u r v e .  The mod i f i ed  o r b i t  w i l l  
t h e n  l i e  o u t s i d e  t h e  o r i g i n a l  o r b i t  f o r  a p e r i o d  of t i m e ,  a f t e r  
which i t  c r o s s e s  t h e  o r i g i n a l  o r b i t  and e n t e r s  t h e  i n t e r i o r  r e g i o n .  
These c a s e s  are p l o t t e d  i n  F i g u r e  11. Note t h a t  i n  s p i t e  o f  t h e  
o r b i t a l  c r o s s i n g s  t h e  s e p a r a t i o n  d i s t a n c e  i n c r e a s e s  un i fo rmly  w i t h  
r a d i a l  d i s t a n c e ,  and t h e r e  i s  no dange r  of  r e c o n t a c t .  

When t h e  v e l o c i t y  inc remen t  has a component p e r p e n d i c u l a r  
t o  t h e  v e h i c l e  o r b i t a l  p l a n e  ( i . e . ,  Oo # O), a p l a n e  change r e s u l t s ,  
and  t h e  o r b i t s  cannot  c r o s s  u n t i l  t h e  t r u e  anomaly has i n c r e a s e d  
by 180". Thus t h e r e  i s  no dange r  o f  r e c o n t a c t  f o r  t h e s e  c a s e s .  

V I I .  C O N C L U S I O N S  

P r o p u l s i v e  dumping of  t h e  p r o p e l l a n t  r ema in ing  a f t e r  
t r a n s l u n a r  i n j e c t i o n  o f f e r s  a p o s s i b l e  method for a l t e r i n g  t h e  
S - I V B  t r a j e c t o r y  s o  t h a t  t h e r e  w i l l  b e  low p r o b a b i l i t y  of  i r m a c t i n g  
t h e  e a r t h  or moon. 

A s l i n g s h o t  t r a g e c t o r y ,  which i s  w i t h i n  t he  p r o p u l s i v e  
c a p a b i l i t y  o f  a p r o p e l l a n t  dump, w i l l  s a f e l y  and e f f e c t i v e l y  
d i s p o s e  o f  t h e  s p e n t  S- IVB.  A s l i n g s h o t  can  a l w a y s  be  o b t a i n e d  by 
a l i g n i n g  t h e  t h r u s t  v e c t o r  a l o n g  t h e  v e h i c l e  n e g a t i v e  v e l o c i t y  
v e c t o r  and a p p l y i n g  a measured v e l o c i t y  c o r r e c t i o n .  T h i s  method 
r e q u i r e s  t h e  c o n t r o l l e d  t e r m i n a t i o n  of  t h e  p r o p e l l a n t  dump, and 
has t h e  advan tage  t h a t  l a r g e  amounts o f  p r o p e l l a n t  r e m a i n i n g  a f t e r  
T L I  can  b e  e a s i l y  h a n d l e d .  

Another  approach  i s  a v a i l a b l e .  The S-IVB c o u l d  b e  
p l a c e d  a t  a precomputed a n g l e  t o  i t s  v e l o c i t y  v e c t o r  and a l l  
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r e m a i n i n g  p r o p e l l a n t  dumped. There  i s  a c h o i c e  of' dumping LH2 

a l o n e ,  LOX a l o n e ,  or b o t h  s e q u e n t i a l l y .  A s l i n g s h o t  t r a j e c t o r y  
i s  o b t a i n a b l e  f o r  most va lues  of  d i h e d r a l  a n g l e  (DL1) when t h e  

Oc tobe r  1 9 6 8  we igh t  and p r o p u l s i o n  f i g u r e s  arc: u sed .  However, 
e x c e s s  p r o p e l l a n t s  w i t h  i n c r e a s e d  S a t u r n  V per formance  may lead 
t o  g e o c e n t r i c  e l l i p t i c  o r b i t s  which can  impact  t h e  e a r t h  i n  a 
f e w  months.  

Recon tac t  between t h e  s p a c e c r a f t  and t h e  S-IVB w i l l  b e  
a v o i d e d  i n  a l l  c a s e s  f o r  which t h e  c o r r e c t i o n  has been a p p l i e d  i n  
a d i r e c t i o n  t o  i n c r e a s e  t h e  p r o b a b i l i t y  o f  a s l i n g s h o t .  

2013-LPG-cj z L.  P .  Gieseler  

At tachments  
R e  f e r e n  ce s 
T a b l e  I 
F i g u r e s  1 - 11 
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